We report that the genomes of reindeer papillomavirus (RPV), European elk papillomavirus (EEPV), and deer papillomavirus (DPV) contain a short conserved translational open reading frame (ORF), E9, which is located between the E5 ORF and the early polyadenylation site. In RPV, DPV, and EEPV, E9 ORFs have the potential to encode extremely hydrophobic polypeptides of approximately 40 amino acids. In mouse C127 cells transformed by EEPV and RPV, there exists a unique, abundant mRNA species of approximately 700 nucleotides which has the capacity to encode an E9 polypeptide. This mRNA is transcribed from a previously unrecognized promoter at position 4030 in the EEPV genome. The EEPV E9 ORF exhibits weak transforming activity in C127 cells and primary rat embryo fibroblasts. We also show that EEPV E5 is the major oncogene in the EEPV genome when assayed in C127 cells, although it is less eflicient in transformation than the E5 genes of bovine papillomavirus type 1, DPV, and RPV.
activity in C127 cells and primary rat embryo fibroblasts. We also show that EEPV E5 is the major oncogene in the EEPV genome when assayed in C127 cells, although it is less eflicient in transformation than the E5 genes of bovine papillomavirus type 1, DPV, and RPV.
Papillomaviruses, the causative agents of infectious warts, infect a wide variety of vertebrates, including humans. They are very host and tissue specific and transform basal layer cells in squamous epithelia or mucous membranes, resulting in the proliferation of infected cells (41) . In lesions induced by the fibropapillomavirus subgroup of animal papillomaviruses, the proliferation of epidermal keratinocytes is also accompanied by the proliferation of underlying dermal fibroblasts. Fibropapillomaviruses are also efficient inducers of morphologic and tumorigenic transformation of cultured rodent fibroblasts, and they can induce tumor formation in hamsters. Bovine papillomavirus type 1 (BPV-1) is the prototype fibropapillomavirus and has been subjected to detailed genetic analysis (for a review, see reference 12) . Other fibropapillomaviruses are reindeer papillomavirus (RPV), European elk papillomavirus (EEPV), and deer papillomavirus (DPV) (22, 35, 46) . In cultured C127 cells transformed by BPV-1, the viral genome is maintained as an autonomous nuclear plasmid with a copy number of approximately 50 to 200 per cell (31) . The early region of the genome, containing open reading frames (ORFs) El through E8, is the only region transcribed in these cells.
In BPV-1, the E5 ORF has been shown to encode one of the two independent transforming proteins in the viral genome (11, 21, 44, 47) . The BPV-1 E5 gene encodes a 7-kDa hydrophobic polypeptide that localizes to the Golgi apparatus, endoplasmic reticulum, and plasma membranes (6, 7, 45) . It associates with a 16-kDa cellular protein that has been identified as a subunit of the vacuolar H+-ATPase (17, 18) . BPV-1 ES protein has also been shown to form a complex with the platelet-derived growth factor (PDGF) receptor and to influence its activity in addition to those of other growth factor 8366 ERIKSSON ET AL. script in cells transformed by RPV and EEPV (1) is likely to encode the E9 polypeptide. In this report, we show that the EEPV genome contains a unique promoter, P4030, located immediately downstream of the ES ORF. We present evidence that this promoter is used to transcribe the 700-nt class of EEPV mRNAs. We show also that the E9 polypeptide exhibits weak transforming activity in murine C127 cells and primary rat embryo fibroblasts (REF) .
MATERIALS AND METHODS
Nucleotide sequence analysis. The Fig. 5 ) labelled by random priming to a specific activity of 108 cpm/,jg. S1 nuclease mapping. Poly(A)-selected RNA (5 to 10 ,ug) was mixed with 5'-end-labelled DNA probe (5 x 104 cpm) and ethanol precipitated. It was then redissolved in a reaction mixture of 10 ,ul. Hybridization and S1 nuclease digestion were performed essentially as described by Favaloro et al. (15) . Si digestion products were analyzed on 6 or 8% polyacrylamide gels with 7.5 M urea together with radiolabelled DNA fragment size markers (for details, see Fig. 6 ).
Primer extension analysis. Reactions were performed with 10 ,ug of poly(A)-selected cytoplasmic RNA essentially as described by Baker and Howley (4) . The resulting primer extension products were fractionated on 6 or 8% polyacrylamide sequencing gels. One primer extension product was excised from the gel (3) and sequenced by the technique of Maxam and Gilbert (34) . The oligonucleotide primer p4070N was complementary to the EEPV sequence between nt 4044 and 4070.
Plasmid constructions. RPV particles were isolated from a cutaneous fibropapilloma. Viral DNA was inserted into the BamHI site of pBR322, and subclones were constructed as described elsewhere (35 REF were cotransfected at the third passage with 1 ,ug of a recombinant plasmid carrying ras and resistance to the aminoglycoside antibiotic G418 and 9 ,ug of either EEPV constructs or control salmon sperm DNA. Cells were supplemented with 0.4 mg of G418 sulfate per ml, and cells were cultivated for 3 weeks to obtain foci of resistant cells.
RESULTS
Sequencing the 3' end of the transforming region of RPV reveals a previously unrecognized ORF near the early polyadenylation site. The region between the 3' end of the E5 ORF and the early polyadenylation site of RPV was sequenced to determine if it contained an ORF corresponding to the EX ORF observed in the sequences of EEPV and DPV (3, 20) . The established sequence ( Fig. 1 ) was compared with sequences from the corresponding regions in EEPV, DPV, and BPV-1. The distance between the termination codon of the E5 ORF and the polyadenylation signal, AATAAA, was 586 nt in RPV, compared with 547 nt in EEPV and 706 nt in DPV. In BPV-1, the corresponding distance is 170 nt. A sequence comparison of the region which contains the candidate EX gene in EEPV and the corresponding regions in RPV and DPV revealed no significant homologies. In fact, several gaps had to be introduced into the RPV and EEPV sequences in order to align them with the DPV sequence in this region (Fig.  2) . Moreover, the single ATGs in these candidate ORFs were located in different positions in the three viral genomes. From these results, we conclude that the EX ORF is unlikely to represent a functional gene. However, when the three sequences were compared, we observed another short ORF immediately upstream of the polyadenylation signal (Fig. 2 ). This ORF was designated E9 (Fig. 2) .
Properties of the E9 ORF. Figure 2 shows that the E9 ORF and its initiation codon (ATG) are located in the same relative positions in the genomes of EEPV, DPV, and RPV. The E9 ORFs of RPV and EEPV extend for a considerable distance upstream of this ATG. This extension might, however, be fortuitous. The overall nucleotide sequence identities were 56 and 51% when the E9 ORF of RPV was compared with the E9 ORFs of EEPV and DPV, respectively. The corresponding identity for the EEPV and DPV E9 ORFs was 55%. The coding capacities of the E9 ORFs from the first ATG are 37 aa for RPV, 41 aa for DPV, and 43 aa for EEPV. The putative E9 proteins of all three viruses are very hydrophobic, and the amino-terminal regions are extremely well conserved ( Fig. 3  and 4) . Fifteen of 21 amino-terminal aa in the E9 proteins of RPV and EEPV are identical, with most amino acid substitutions being conservative (Fig. 3) . The carboxy termini of the three E9 proteins are less well conserved (Fig. 3) .
Northern (26) . E9 of EEPV induces dense foci without spindle cell formation, in contrast to cells transformed by E5 of BPV-1, which display spindle cell formation without the formation of dense foci (data not shown).
We also cotransfected REF with an activated ras gene together with either E9 or an E9-mutant under the control of the MSV promoter. As a positive control, we used a vector containing the polyomavirus large T region, d,1061. The results are shown in Table 2 . ras alone and ras together with MSV E9-gave rise to approximately 3 colonies per dish, while ras in combination with MSV E9 induced approximately 12 colonies per dish. The positive control resulted in approximately 14 colonies per dish (Table 2) . Similar results were obtained when ras was transfected in combination with BPVE6fs2-EE9 (Table 2) .
It was shown by PCR that E9 DNA was maintained in transformed cultures (data not shown).
Comparison of the transforming properties of BPV-1, EEPV, DPV, and RPV genomes. In C127 focus-forming assays, BPV-1, EEPV, RPV, and DPV DNAs differ dramatically in transforming efficiencies. Approximately 100 foci appeared on plates transformed with 1 ,ug of BPV-1 DNA 14 days after transfection. Foci obtained by transfection with EEPV and RPV DNAs did not appear until approximately 5 weeks after transfection and were much more compact than BPV-1-induced foci. Besides, the number of foci induced by EEPV and RPV was approximately 50-to 100-fold smaller than that obtained with BPV-1 DNA (data not shown). In an earlier study, EEPV was reported to be as efficient as BPV-1 in the transformation of C127 cells (45) . This discrepancy is most likely due to the fact that virus particles rather than naked To further investigate the transforming capacities of EEPV and RPV E5 proteins, the E5 genes of EEPV and RPV were inserted into the BPV-E6fs2-ESX vector. The BPV-E6fs2-DE5 construct was also included as a control. Transformation by wt BPV and BPV-E6fs2-DE5 produced approximately equal numbers of foci after 2 weeks. BPV-RE5 induced foci which also appeared after 2 weeks, but they were about three times as numerous as BPV-and DPV-induced foci (data not shown). Foci induced by BPV-E6fs2-EE5 appeared later and were about twofold less abundant than those obtained with wt BPV and BPV-E6fs2-DE5 constructs (Table 1) . After 6 weeks, EEPV E5-induced foci reached a size comparable to that of BPV wt-and DPV E5-induced foci after 2 weeks. It is noteworthy that the transforming capacity of the EEPV E5 gene in the BPV-1 context was about 15-fold higher than that of the wt EEPV genome. It can thus be concluded that EEPV E5 protein is less efficient in transforming C127 cells than BPV-1, RPV, and DPV E5 proteins. Moreover, the expression of EEPV E5 protein is less efficient in the wt genome than in the BPV-1 construct. It is noteworthy that foci induced by DPV, EEPV, and RPV E5 proteins appear to be much denser than BPV E5-induced foci. DISCUSSION DPV and EEPV have previously been reported to induce tumors with a prominent fibroblastic component in vivo, while BPV-1 induces fibropapillomas (13, 22, 46) . It was subsequently shown that RPV mainly induces fibromas in its host (42a). Furthermore, in in vitro transformation assays, the genomes of DPV, EEPV, and RPV exhibit differences in transforming activities compared with that of BPV-1 DNA. As we have shown here, the genomes of EEPV and RPV are 50-to 100-fold less efficient in transforming C127 cells in focusforming assays than the BPV-1 genome, while DPV is transformation defective, in agreement with an earlier report (20) . The genomes of DPV, EEPV, and RPV are more closely related to each other than to the genome of BPV-1, and they are slightly larger than the BPV-1 genome. DPV, EEPV, and RPV cross-hybridize under stringent conditions, while none of these genomes cross-hybridizes with BPV-1 DNA (35) . In accordance with these data, an amino acid sequence alignment of parts of the El and L2 genes of DPV and EEPV shows that these viruses are more closely related to each other than to BPV-1 (8 (37) . The hydrophobicity pattern of BPV ESb protein exhibits similarities to that of the three putative E9 proteins, although they do not share any region of high amino acid sequence homology (Fig. 4) . Moreover, the E8 ORFs of BPV-3, -4, and -6 also have the potential to encode small (42-aa) hydrophobic proteins (27) . These putative E8 proteins exhibit a hydrophobicity profile similar to that of the E9 proteins of EEPV, RPV, and DPV. The most carboxy-terminal ends of BPV-1 ESb protein, the three E9 proteins, and the BPV-3, -4, and -6 E8 proteins are slightly hydrophilic or neutral in an otherwise hydrophobic stretch of amino acids. The BPV-4 E8 gene has been found to contribute to the transformed phenotype induced by E7, the main transforming gene in the BPV-4 genome, by inducing anchorage independence (38) . BPV-4 E8 protein has been detected in the perinuclear membrane, endoplasmic reticulum, and Golgi apparatus (38) . Taken together, these results may indicate that papillomaviruses encode a family of short extremely hydrophobic polypeptides, possibly with related functions.
Both EEPV and DPV induce a different type of lesion in their natural hosts than does BPV-1, with a prominent fibroblastic component. It is possible that this phenotypic character is related to the presence of the E9 gene. We have presented evidence that the EEPV E9 region under the control of a heterologous promoter and also expressed from the BPV-1 genome inserted in place of the BPV E5 gene has weak transforming activity in mouse C127 cells and REF.
Finally, we conclude that the E5 protein is the major oncogene in the EEPV genome since a nonsense mutation in the EEPV E5 gene almost completely abolished the transforming activity of the EEPV genome. However, EEPV E5 protein was found to be less active in the transformation of C127 cells than BPV-1, DPV, and RPV E5 proteins. A consistent finding was that foci appeared much later after transfection with E5 from EEPV. The basis for this difference in transforming activity is unknown. BPV-1, DPV, EEPV, and RPV E5 proteins are highly homologous, and 7 of the 8 aa essential for the transforming capacity of BPV E5 protein are conserved in DPV, EEPV, and RPV (24) . One unique structural property of EEPV E5 protein is that it is composed of 43 aa, instead of the 44 aa of the other fibropapillomaviruses sequenced so far. The hydrophobic amino-terminal two-thirds of EEPV E5 protein is 1 aa shorter than those of BPV-1, DPV, and RPV E5 proteins. This part of BPV-1 E5 protein is predicted to span the membrane and has been shown to interact with the 16-kDa subunit of the vacuolar H+-ATPase and the PDGF receptor (7, 18) . The length of this hydrophobic part of these short proteins might be of importance for interaction with the membrane and also with the subunit of the vacuolar H+-ATPase and PDGF receptor.
